Phenylketonuria (PKU) is an inborn metabolic disorder linked with inability of infants to utilize phenylalanine (Phe) due to lack of phenylalanine hydroxylase (PAH) enzyme activity caused by a genetic mutation[@b1]. This drastically increases blood Phe concentration from normal 50 μM L^−1^ to toxic 1200 μM L^−1^ level[@b2][@b3][@b4]. As a result there is a deficit of tyrosine, dopamine, epinephrine and norepinephrine molecules[@b1]. This hampers proper brain development and results in psychiatric disorder in patients[@b2][@b3]. Currently, restricted Phe diet along with large neutral amino acids (LNAA) and tetrahydrobiopterin therapy are used to reduce toxic effects in PKU patients[@b2].

Recently, Adler *et al.* for the first time linked Phe self-assembly with PKU[@b5]. High build-up of Phe in hippocampus and the parietal cortex area of the brain, results in self-assembly and fibril formation. Birefringence characteristic upon congo red dye binding, thioflavin T (ThT) binding and electron diffraction confirmed that these fibres are amyloidic in nature[@b5]. Phe fibres have shown the characteristic cross β-fibre diffraction pattern present in amyloid fibrils[@b6], associated with several neurodegenerative diseases like Alzheimer\'s disease, Huntington\'s disease and Atrial amyloidosis[@b7]. Presence of these amyloids and intermediate oligomers in different regions of brain are associated with toxicity, leading to neuronal death[@b6][@b8]. Phe fibres showed similar cell toxicity on PC12 and Chinese Hamster Ovary (CHO) cells[@b5]. Importantly, the antibody and histological staining of brain tissues from PKU patients have shown the presence of Phe fibrils, indicating amyloid fibril associated toxicity[@b5]. Similar, needle like fibrillar morphology was observed under optical microscope for Phe crystals while studying aspartame gel crystallization[@b9]. Phe also form dimers in presence of its cationic and zwitterionic state in aqueous solution[@b10].

It was estimated by using infrared spectroscopy that the interactions responsible for Phe assembly are mainly hydrogen bonding between symmetrical --C = O···HOOC-- and electrostatic between --NH~3~^+^···^−^OOC-- groups[@b5][@b11]. However, it seems a reasonable assumption that Phe being an aromatic amino acid can also form hydrophobic interactions through π-π stacking. Involvement of these interactions are not established completely, but are predicted to favour self-assembly[@b10]. Also, self-assembly of diphenylalanine suggests the importance of stacking interactions in stabilizing nanostructures[@b12]. The π-π stacking interactions leading to association of aromatic side chain of Phe are involved in molecular recognition[@b13], peptide self-assembly to fibril formation[@b14][@b15][@b16] and neurotoxicity[@b17].

The studies mentioned above qualify that Phe forms fibrous material and its importance in disease association. However, the mechanism of their formation is not completely deciphered. In this paper, Phe self-assembly and mechanism leading to fibre formation are reported. Apart from earlier known interactions in Phe self-assembly, we present here the major role played by hydrophobic interactions involving Phe ring in this process. We have further demonstrated inhibition of L-Phe fibrillar assemblies by D-Phe enantiomer to non-propagating flakes. This study provides one useful strategy for arresting the amyloid fibre formation in phenylketonuria disease.

Results
=======

Kinetics of phe self-assembly
-----------------------------

L-Phe self-assembly was monitored by light scattering (LS) and thioflavin t (ThT) binding assays. Samples in water (pH 5.8 ± 0.3) at different concentrations were used. An increase in light scattering was observed beyond 60 mM and sudden increase after 120 mM concentration representing self-assembly process ([Fig. 1a](#f1){ref-type="fig"}). These assemblies were tested for ThT binding and showed enhanced fluorescence above 3 mM concentration ([Fig. 1b](#f1){ref-type="fig"}). The similar trend for ThT binding and light scattering was not observed in L-glutamine (L-Gln) ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). We have also observed increase in particle size of L-Phe with increasing concentration by dynamic light scattering measurement (DLS) ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}).

In order to determine kinetics of self-assembly to fibre formation, saturated concentration (300 mM) of Phe was chosen. This solution of L-Phe was prepared in water and phosphate buffered saline (PBS) at 70 °C. The clear transition from the solution phase to gel was observed on cooling it to room temperature ([Fig. 2a](#f2){ref-type="fig"}). Similar effect was observed during aspartame and Phe gel crystallization studies but without kinetic information[@b9]. Kinetics observed by light scattering analysis showed the appearance of a lag phase followed by an exponential phase ([Fig. 2a](#f2){ref-type="fig"}). An initial lag might be due to nucleation events where molecules associate to form productive nucleus for further elongation into mature fibres or the associated molecules are insensitive to light scattering. In such case, seeding with preformed aggregates could abrogate this phase and the reaction will seed quickly for elongation[@b18].

When 10% (w/w) preformed L-Phe aggregates were incubated with saturated L-Phe solution, it abolished lag phase and gel formation was so quick that it was practically difficult to monitor it by light scattering and ThT binding due to signal saturation. This is an interesting finding in Phe assembly. Similar behaviour of lag and elongation phase was reported for amyloid forming peptides[@b19] such as polyglutamine in Huntington\'s disease[@b18]. Interestingly, ThT binding assay showed enhanced fluorescence even at earlier time points and lower concentrations suggesting early formation of ThT positive assemblies ([Fig. 1b](#f1){ref-type="fig"} and [Fig. 2b](#f2){ref-type="fig"}) which corroborates well with DLS data ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). L-Phe in PBS buffer showed similar kinetics and gel formation behaviour as in water ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). Hence, water was used for further molecular interaction studies as also used by Adler *et al.* for most experiments[@b5].

Aggregate structure and mechanism of phe aggregation
----------------------------------------------------

To understand the morphology of Phe assemblies, scanning electron microscopy (SEM) was performed. Long fibrous structures were observed at low (300 μM) and high concentrations (6 mM--300 mM) ([Fig. 3a and 3b](#f3){ref-type="fig"}). These morphologies are quite similar to those observed in PKU mouse model and patient brain tissues[@b5]. Needle like fibrous morphology was observed at 1,000× magnification formed at saturated concentration ([Fig. 3c](#f3){ref-type="fig"}). Interestingly, at higher magnification (10,000×), they look like tubular structures ([Fig. 3c](#f3){ref-type="fig"}). Fibrils are characterized with 0.2--2 μm diameter and 100--300 μm length.

Self-assembly mechanism of peptides and proteins is governed by different non-covalent interactions[@b20]. In Phe, the possibility of intermolecular electrostatic interactions between --NH~3~^+^···^−^OOC-- and hydrogen bonding between --C = O···HOOC-- groups were shown by infrared spectroscopy and π-π stacking interactions were predicted between phenyl rings[@b5][@b11]. To find the role of these interactions in self-assembly, we followed different strategies. Phe being in zwitterionic state at pH 5.5, it is possible that self-assembly can occur due to electrostatic interactions. At pH 2, it behaves majorly as cation and around pH 9 as anion[@b21]. At these extreme pH values, solubility of Phe should increase and diminish the gel formation tendency. Interestingly, gel formation was observed at both low and high pH values but with longer time (24 h) as compared to pH 5.5 (1--2 h). SEM images revealed similar fibrous morphologies at low pH ([Fig. 3g](#f3){ref-type="fig"}), in PBS (neutral pH) ([Fig. 3f](#f3){ref-type="fig"}) and at isoelectric pH ([Fig. 3c](#f3){ref-type="fig"}) with the only variation in alkaline pH where long multinodal fibres were observed ([Fig. 3h](#f3){ref-type="fig"}).

To probe into the role of hydrophobic regions in fibrous state, ANS (8-anilino-1-naphthalenesulfonic acid) binding assay was carried out[@b22][@b23]. ANS works as a surface hydrophobic probe with typical behaviour of change in fluorescence on changing its environment from hydrophilic to hydrophobic[@b24]. With increasing concentration of L-Phe from 6 mM to 300 mM, an increase in ANS fluorescence intensity was observed ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). Dose dependent increase in fluorescence indicates the presence of more hydrophobic regions[@b25]. In contrast, no increase in ANS fluorescence was observed for glutamine with increasing concentration ([Supplementary Fig. S5a](#s1){ref-type="supplementary-material"}). Also the effect is specific to aggregation of Phe as in guanidine hydrochloride (GuHCl), increase in ANS fluorescence was not observed ([Supplementary Fig. S5b](#s1){ref-type="supplementary-material"}). GuHCl as a denaturant, perturbed the hydrophobic interactions and hence self-assembly of Phe[@b26][@b27].

To further highlight the involvement of hydrophobic interactions, we carried out concentration dependent ^1^H NMR of L-Phe. With increasing concentration from 6 mM to 150 mM, an upfield shift was observed for aryl protons ([Fig. 4a](#f4){ref-type="fig"}). This upfield shift suggests screening of aryl protons due to stacking of aromatic rings upon self-association of Phe molecules[@b28]. This is further supported by similar chemical shift for phenyl carbon in ^13^C NMR ([Fig. 4b](#f4){ref-type="fig"}). Further to characterize self-assembly, diffusion-ordered spectroscopy (DOSY) ^1^H NMR was carried out to determine change in diffusion on formation of higher assemblies. With increase in size, diffusion coefficient decreases due to slower rate of diffusion of bigger particles, indicating aggregate formation[@b29][@b30][@b31]. We observed decrease in diffusion coefficient from 6.61 × 10^−10^ m^2^ s^−1^ to 6.15 × 10^−10^ m^2^ s^−1^ as concentration increased from 6 mM to 150 mM ([Fig. 4c](#f4){ref-type="fig"}). This confirms the change in size of molecular assemblies formed by L-Phe, as also shown by DLS. This small change in diffusion coefficient is considerable as similar change was observed for self-association of amyloid β (12--28) peptide[@b32].

In order to further highlight the involvement of hydrophobic interactions, effect of temperature and ionic strength was studied. With increasing temperature and ionic strength, increase in particle size was observed ([Fig. 5](#f5){ref-type="fig"}). High temperature favoured formation of higher order assemblies at 60 mM concentration of L-Phe ([Fig. 5a](#f5){ref-type="fig"}) due to increase in hydrophobic interactions[@b33][@b34]. With increase in ionic strength, particle size increased due to salt induced charge suppression, leading to effective hydrophobic interactions[@b35][@b36].

The uniqueness of L-Phe to form fibrous gel was further assessed by investigating the behaviour of alpha-phenylglycine (PG) and N-acetyl-L-phenylalanine methyl ester (Ac-Phe-OMe). PG is the smallest aromatic amino acid and differs from Phe by the absence of one methylene group attached to phenyl ring ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}). Excitingly, this amino acid at saturated concentration (50 mM) did not yield fibrous gel. Also, rate of change of the chemical shift of methylene group protons (He and Hf) and Cα-H (Hd) proton with respect to change in concentration (Δδ/ΔC) clearly suggest the involvement of these protons in self-assembly ([Supplementary Fig. S7](#s1){ref-type="supplementary-material"}). Lack of methylene group might be responsible for inability of PG to form gel. Ac-Phe-OMe is protected at N-terminus and C-terminus to avoid electrostatic interaction mediated self-assembly and only allow hydrophobic ring to involve in self-assembly process. Interestingly, this derivative gave rise to ThT positive assemblies at different concentrations as observed in Phe ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). Moreover other amino acids such as glutamine, tyrosine, tryptophan, DOPA (3,4-dihydroxyphenylalanine) and proline also failed to form gel at respective saturated concentrations under similar conditions (unpublished data). Considering all data, linear correlation was observed for change in^1^H chemical shift, light scattering, particle size and ThT binding with respect to concentration representing L-Phe self-assembly process ([Fig. 6](#f6){ref-type="fig"}). Although techniques compared have different working principal, but relative variation of data with concentration is comparable, resulting in good correlation. As compared to L-Phe; PG and L-Gln did not show ThT fluorescence at different concentrations. As a result there is no change with increasing concentration. Inability of L-Phe to self-assemble in presence of GuHCl, also resulted in no change in ThT intensity with increasing concentration.

L-Phe aggregation modulation by D-Phe
-------------------------------------

Non-natural amino acids have shown potential as aggregation inhibitors by disrupting fibril formation of proteins like tau in Alzheimer\'s disease[@b37]. Also, D-amino acids have shown inhibitory effects on biofilm development having amyloid like characteristics[@b38][@b39]. So, based on the available evidence of inhibitory effects of D-enantiomers, we wanted to test the effect of D-Phe on L-Phe fibril formation. First we investigated behaviour of D-Phe alone. Notably, we observed gel formation in water ([Fig. 3d](#f3){ref-type="fig"}) and in PBS ([Supplementary Fig. S9a](#s1){ref-type="supplementary-material"}), as was observed in L-Phe at 300 mM concentration with similar morphology ([Fig. 3d](#f3){ref-type="fig"}). But when L-Phe was mixed with D enantiomer in equimolar ratio, this combination inhibited the formation of gel and some particles appeared which phased out from the solution ([Fig. 2b](#f2){ref-type="fig"}). More importantly, morphology of aggregates formed by DL-Phe (racemate) was completely different from pure enantiomer, with flat surface and irregular edges appearing as flakes, unlike thread like fibrils ([Fig. 3e](#f3){ref-type="fig"} and [Supplementary Fig. S9b](#s1){ref-type="supplementary-material"}). These assemblies were arranged in layers with approximately 1--2 μm width and 100--200 μm length. DL-Phe showed similar ANS fluorescence as shown by L-Phe with blue shift at saturated concentration ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). This is probably due to the presence of more hydrophobic patches where ANS binds with high affinity[@b23]. We have also observed slightly higher negative Gibbs free energy (ΔG) of DL-Phe flakes formation as compared to L-Phe fibre formation, indicating more stability of flakes over fibres ([Supplementary Fig. S10](#s1){ref-type="supplementary-material"}).

To further disclose the inhibitory effect of D-Phe on L-Phe self-assembly, we have titrated L-Phe with increasing amount of D-Phe. Interestingly, presence of ≥ 8% of D-Phe prevented fibre formation, and the flakes were formed as observed in the racemic mixture ([Supplementary Table S1](#s1){ref-type="supplementary-material"}; [Fig. S11a and S11b](#s1){ref-type="supplementary-material"}). Heterochiral seeding always resulted in flakes whereas homochiral seeding resulted in quick transition to fibrillar gel (methods section). After demonstrating the ability of D-Phe to perturb fibrillar assemblies of L-Phe, we investigated the capability of the flakes to propagate in L-Phe solution through seeding mechanism. We have observed no change in soluble Phe concentration when it was incubated with flakes as compared to L-Phe without flakes ([Fig. 7](#f7){ref-type="fig"} and [Table S2](#s1){ref-type="supplementary-material"}). Remarkably, this reveals the incapability of the flakes to propagate further. SEM images also corroborates with this data where mixed morphology was observed at low seeding and flakes at higher seeding amounts ([Supplementary Fig. S11c and S11d](#s1){ref-type="supplementary-material"}).

Discussion
==========

We have demonstrated the ability of Phe to self-assemble into amyloid like fibrils relevant to PKU. Phe starts self-assembling at a very low concentration with positive ThT binding indicating their amyloidic nature. Light scattering, ThT fluorescence and particle size increased with increasing concentration. As compared to L-Gln, at 120 mM, seven fold ThT fluorescence and 40 fold light scattering enhancement was observed in L-Phe. It suggests that L-Phe has higher propensity to form higher order assemblies. Moreover, Phe transforms to gel at 300 mM concentration in both water and PBS. Our finding confirms that L-Phe is capable to self-assemble at a wide range of concentrations and can transit to a gel state at high concentrations.

Upon investigating the structural features of L-Phe with SEM, we have observed fibrous assemblies formed at wide range of pH. At extreme pH, gel formed slowly as compared to that in water and PBS, which might be due to charge-charge repulsion. But finally gel formation under these conditions suggests that electrostatic interactions are not the major drivers, but hydrophobic interactions between Phe rings might be playing major role in self-assembling process.

This is further supported by the use of neutral end capped Phe derivative, Ac-Phe-OMe as a stringent control. Self-association of this molecule into ThT positive assembly revealed the importance of hydrophobic interactions. Moreover, increase in particle size with increase in ionic strength and temperature strengthens the involvement of hydrophobic interactions[@b33][@b34][@b35][@b36]. Interestingly, the inability of PG to form gel clearly indicates that methylene group in Phe provides more flexibility, hydrophobicity and orientation to ring structure to favour stacking interactions to form fibrous gel. Concentration dependent ^1^H and ^13^C NMR analysis of Phe, further confirms the role of Phe ring in self-assembly process. Upfield chemical shift was observed which is attributed to the stacking intermolecular interactions between π-electron cloud of Phe ring, resulting in shielding and this effect becomes prominent at high concentration[@b28][@b40]. Additionally, increase in particle size and decrease in diffusion coefficient was observed in ^1^H DOSY experiment indicating the formation of higher order assemblies. The values obtained from ^1^H, ^13^C and DOSY experiments corroborates well to L-Phe self-assembly with increase in concentration. Remarkably, with increasing concentration of Phe, linear correlation was observed for change in light scattering, particle size, chemical shift and ThT fluorescence. This not only authenticates the data obtained using different techniques but further validates the major role of hydrophobic interactions in driving self-assembly. Moreover, L-Phe in presence of GuHCl, L-Gln and PG failed to show similar correlation, which further confirms the unique nature of self-assembly of L-Phe. These results corroborates well with toxicity data obtained from cell lines incubated with increasing concentration of L-Phe[@b5]. No comparable change in ThT fluorescence by PG and no absorbance at 450 nm and emission at 489 nm by Phe rules out the possibility of any interference to ThT fluorescence, as shown by few other small molecules[@b41]. Further, ThT binding to Phe fibrils was earlier shown by confocal microscopy[@b5].

It is known that chirality plays crucial role in deciding fate of peptide self-assembly as observed in a tripeptide LFF, which do not form fibres/gel. But substitution of L-Leu with D-Leu resulted in self-assembly of this peptide to hydrogel with fibrous morphology[@b42]. Similar effect of chirality induction is reported in glutamic acid amphiphiles, forming different helical tubes in pure enantiomer state and nanosheets as racemic mixture[@b43]. Interestingly D-Phe forms gel with fibrous morphology similar to L-Phe. Moreover, in presence of equimolar D-Phe, racemate formed flakes rather than fibrous gel. This seems to be interesting as we were able to tweak the aggregation pathway of L-Phe by using its enantiomer counterpart. Presence of both enantiomers counteracts each other\'s ability to form gel. If the cell toxicity observed in PKU is owing to fibrous assemblies[@b5], then having a strategy of inhibiting fibre formation might be a good approach, as applied in other amyloid diseases. Interestingly, as compared to self-assembly kinetics of pure enantiomers shown by ThT binding, DL-Phe showed slightly higher fluorescence. This might be due to different extent of packing interactions between flakes and fibres as shown previously by Zhu *et al.*, that D and L enantiomer of glutamic acid based lipids in racemic mixture form strong hydrogen bonds[@b43]. More negative free energy for DL-Phe flakes partly explains the favourable transition to flakes rather than to fibrous gel. Also, the flakes formed are non-propagating and does not seed L-Phe, thus preventing it\'s self-assembly. Further investigation is required to know complete structural differences between fibrous gel and flakes at atomic level.

So based on our observations, we hypothesize the use of D-Phe amino acid as a potential therapeutic molecule in PKU. Due to defective phenylalanine hydroxylase, level of L-Phe in the brain increases, leading to L-Phe self-assembly by hydrophobic interactions to form toxic amyloid fibrils. If D-Phe is administered, it may act in two ways on L-Phe. 1) Monomers of D-Phe will interact with L-Phe monomers and convert the fibrous formation path of L-Phe to flakes. This may happen quicker than the fibre formation from individual enantiomer as supported by our kinetic and stability data of fibre and flake formation. 2) The flakes formed will now further restrict fibre formation tendency of L-Phe due to their non-propagating nature. These steps will save neurons from toxicity caused by Phe fibres[@b5]. Similar approaches of slowing down the aggregation or constraining the toxic fibril formation to different pathways are employed in other amyloid diseases[@b44]. Additionally, D-Phe might compete for the transporters used by L-Phe[@b45] to cross blood brain barrier (BBB) and limits its entry as observed in case of LNAA therapy[@b2][@b46] ([Fig. 8](#f8){ref-type="fig"}). Now, these findings need validation in cell lines and animal models of phenylketonuria.

In summary, the self-assembly process of Phe was characterized by NMR, light scattering, particle size analysis, SEM imaging, ThT and ANS binding. Phe has shown peculiarity to form fibrous gel, while other amino acids tested failed to do so. We have shown that fibrous gel formation tendency by Phe is not only due to already described hydrogen bonding and ionic interactions, but hydrophobic interactions play a major role in driving the self-assembly process. We have also revealed the capability of D-Phe to tweak L-Phe fibrous state to flakes which are incapable to propagate further and unable to seed L-Phe. Therefore, we propose the use of D-Phe as therapeutic molecule in PKU. D-Phe and DL-Phe can now be tested in cell culture and animal model of PKU for their own toxicity and to confirm their ability to prevent toxicity caused by L-Phe fibres. Overall, this work provides additional therapeutic approach to currently available low Phe diet and LNAA therapy. The kinetic and mechanistic details at molecular level revealed in this study can be used for screening and rationally designing compounds to target aggregation in PKU[@b47][@b48][@b49]. Phe fibres and flakes can also be used as a model system to elucidate the pathological effects relevant to other amyloid diseases.

Methods
=======

Materials
---------

L-Phe and D-Phe were purchased from Sisco Research Laboratories, L-Gln from HIMEDIA, Ac-Phe-OMe from Bachem and L-(+)-α-phenylglycine (PG) from Sigma. HPLC grade water and acetonitrile (ACN) were purchased from Merck and Trifluoroacetic acid (TFA) from Thermo Scientific. ThT and 8-anilino-1-naphthalenesulfonic acid (ANS) were purchased from Sigma and phosphate buffered saline (PBS) from Fisher Scientific. All experiments in this study were repeated twice and mean ± standard deviation (s.d.) values obtained were reported.

Self-assembly of phe
--------------------

Different concentrations of Phe ranging from 300 μM to 170 mM were prepared by dissolving appropriate amount in double distilled water (water) at room temperature. The saturated solution of L-Phe and D-Phe were prepared by dissolving 50 mg in 1 mL water (300 mM) at 70 °C for 18--24 h. Similarly the saturated solution of DL-Phe (50:50 racemate) was prepared by dissolving L-Phe (25 mg) and D-Phe (25 mg) in 1 mL water at 70 °C for 18--24 h. The solution was then transferred to a fresh vial and allowed to cool at room temperature without disturbing. Additionally, saturated solution of L-Phe (300 mM) was mixed with saturated solution of D-Phe (300 mM) in 1:1 (v/v) ratio. The pH dependence aggregation of Phe was studied in water (pH 5.5); PBS (pH 7.4); 0.1 N HCl (pH 1.3) and 0.1 M NaOH (pH 13).

RP-HPLC analysis
----------------

An aliquot of an ongoing aggregation reaction was subjected to centrifugation at 305,611×g for 2 h. 30 μL supernatant was subjected for analysis at 215 nm wavelength on Agilent HPLC 1260 using ZORBAX Eclipse Plus C18 Rapid Resolution (4.6 × 100 mm, 3.5 μm) column with water (mobile phase A) and acetonitrile (mobile phase B) containing 0.05% TFA at flow rate of 1 mL min^−1^ for 20 minutes. Mobile phase B was increased from 0--30% in 10 minutes and Phe eluted at 6.0 ± 0.3 minute between 8.8--10.25% of mobile phase B.

90° LS, DLS and ThT binding fluorescence assay
----------------------------------------------

LS and ThT experiments were performed on Perkin Elmer LS55 Fluorescence Spectrometer. For LS, excitation and emission wavelength was kept at 450 nm with slit width of 2.5 nm and 5 nm respectively and voltage at 650 V. For ThT assay, excitation wavelength was 450 nm with slit width of 5 nm and emission wavelength was 489 nm with slit width of 10 nm at 650 V[@b19]. Final concentration of ThT in the sample was kept at 200 μM. Average of three readings compiled from two independent experiments was reported here and subtracted from blank. For highly concentrated samples, experiments were carried out in continuous monitoring mode. 10--15 minutes were sufficient to get signal saturated due to the presence of high amount of fibres. For same samples, DLS was carried out at 25 °C on Malvern Zetasizer Nano ZS90 with 632.8 nm laser at 90° scattering angle. Sample was filtered through 0.2 μm filter and kept at room temperature for 2 hours before analysis. Samples were analysed at different temperatures and ionic strength.

Scanning electron microscopy (SEM)
----------------------------------

10 μL of aggregated sample was transferred to a glass cover slip, air dried and coated with gold/palladium alloy with the help of SC7620 sputter coater. The sample was imaged using Carl Zeiss EVO18 electron microscope kept at 10 kV. Multiple images of the same sample were taken and representative image is reported here.

Nuclear magnetic resonance (NMR)
--------------------------------

All spectra were collected on a Bruker 800-MHz NMR spectrometer equipped with a triple-resonance TCI (^1^H, ^13^C,^15^N, and^2^H lock) cryogenic probe. All 1D ^1^H NMR (noesypr1d in Bruker library) spectra with water suppression were recorded with 64 scans, 64 K data points, spectral width of 20 ppm, relaxation delay 5 second. All 1D spectra were processed with line broadening of 0.3 Hz, manually phase and baseline corrected. The chemical shifts were internally calibrated to the Trimethylsilyl propionate (TSP) peak at 0.0 ppm. ^1^H-^13^C phase sensitive (echo/antiecho) heteronuclear single quantum correlation (HSQC) experiments were recorded with inverse detection and ^13^C decoupling. A relaxation delay of 2 seconds was used. A total of 2048 data points were acquired and a total of 8 scans were averaged for each of 256 increments, with spectral widths of 16 and 180 ppm in ^1^H and ^13^C dimensions respectively. For the ^1^H-^13^C HSQC zero filling up to 1 k data points and forward linear prediction up to 128 points were used in t~1~ dimensions and multiplication by shifted sine-bell squared apodization function were used in both t~2~ and t~1~ dimension prior to Fourier transform. For 2D DOSY ^1^H NMR, stimulated echo bipolar gradient pulse experiments were used with a pulse delay of 5 ms after each gradient, a pulse field gradient length of 2.2 ms and with 15 s relaxation decay[@b50]. Chemical shift ( δ, ppm) and diffusion coefficient (m^2^ s^−1^) was plotted against log concentration (molar).

L-Phe titration with D-Phe
--------------------------

To understand the effect of one enantiomer on another, we titrated saturated solution of L-Phe with 0%, 5%, 20% and 50% D-Phe solution to monitor the minimum amount required to see the impact on aggregation. Similarly effect of DL-Phe on L-Phe aggregation was studied.

Homochiral and Heterochiral seeding
-----------------------------------

For seeding experiment, the final aggregated solution of L-Phe, D-Phe and DL-Phe was taken and 10% (w/w) was transferred to a fresh saturated solution of own or another enantiomer. The concentration of solution before addition and after completion of the aggregation was checked by RP-HPLC. In this experiment, homochiral seeding is seeding of L-Phe solution with L-Phe seed and heterochiral seeding is seeding of L-Phe solution with D-Phe or DL-Phe seed. Statistical significance was predicted by applying two-tailed student\'s t-test \[ \*, P \< 0.05 is considered significant\].
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![(a) Light scattering and (b) Thioflavin T binding assay of L-Phe in water at different concentrations.](srep03875-f1){#f1}

![(a) Gel formation kinetics of L-Phe. Self supporting gel of L-Phe on cooling saturated solution (300 mM) at room temperature (inset) (b) Self-assembly kinetics of L, D and DL-Phe monitored by thioflavin T (ThT) binding fluorescence assay. Sedimented particles of DL-Phe (inset).](srep03875-f2){#f2}

![Scanning electron micrographs of Phe (a) 300 μM L-Phe (b) 6 mM L-Phe (c) 300 mM L-Phe (top window 10 k × zoom) (d) D-Phe (e) DL-Phe (top window 5 k × zoom) (f) L-Phe in PBS (g) L-Phe in 0.1 N HCl (h) L-Phe in 0.1 N NaOH.\
Scale bars shown in white for (a), (b), (d), (f--h) are 2 μm; 10 μm for c and 20 μm for e.](srep03875-f3){#f3}

![Nuclear Magnetic Resonance (a) ^1^H Chemical shift (δ, ppm) of aryl protons (Ha, Hb and Hc) with change in concentration from 1 mM to 150 mM (log scale) in ^1^H NMR (b) ^13^C chemical shift (ppm) of phenyl ring carbons (c) Change in diffusion coefficient with concentration in DOSY ^1^H NMR.](srep03875-f4){#f4}

![Dynamic light scattering (a) Effect of temperature on L-Phe at 60 mM concentration (b) Effect of ionic strength on L-Phe at 72 mM concentration.](srep03875-f5){#f5}

![Correlation of percent change reflecting self-assembly obtained from different techniques with change in concentration.](srep03875-f6){#f6}

![Percentage of soluble Phe left after seeding with different amounts of DL-Phe flakes (significant p \< 0.05).\
L-Phe and DL-Phe were not seeded.](srep03875-f7){#f7}

![Proposed mechanism of D-Phe action on L-Phe in phenylketonuria (a) Inhibition of amyloid formation by D-Phe (b) Competition of D-Phe for L-Phe transporter as described for large neutral amino acids (LNAA).](srep03875-f8){#f8}
